The usefulness of affinity chromatography for the purification of aminoacyl-tRNA synthetases was explored by using column ligands derived from the corresponding amino acid and aminoalkyladenylate, a non-labile analogue of the aminoacyladenylate reaction intermediate. Four modes of attachment of the aminoalkyladenylate to Sepharose were studied. The interaction between amino acid derivatives and the corresponding aminoacyl-tRNA synthetases is too weak to allow their use as ligands for affinity chromatography. Attachment of the aminoalkyladenylate via the a-nitrogen atom of the amino acid or via C-8 of the nucleotide abolishes synthetase binding, and immobilization via the oxidized ribose ring is only marginally useful. However, attachment of the aminoalkyladenylate to the matrix via N-6 of the nucleotide allows strong and specific synthetase binding, and the use of such columns permits the isolation of homogeneous synthetase from crude mixtures. The effect of non-specific adsorption and the utility of pre-columns and of specific substrate elution are investigated and discussed.
The aminoacyl-tRNA synthetases comprise an extremely interesting class of enzymes, being responsible for the initial, highly specific, amino acidselection step of protein biosynthesis. However, studies of these enzymes have been hampered by difficulties in their isolation by classical techniques, in large measure owing to their low abundance and frequent instability. In such a situation, purification by affinity chromatography should be particularly appropriate, since larger purification factors may be obtained in fewer steps, and the interaction with a column-bound substrate analogue or inhibitor may stabilize an unstable enzyme. In addition, a purification based on affinity chromatography may have a general applicability lacking in conventional physicochemical techniques.
Consideration of the probable pathway of the enzyme-catalysed reaction (eqn. 1; see, e.g., Fersht & Kaethner, 1976 suggests three classes of ligands that could be used in the purification of aminoacyl-tRNA synthetases: the cognate amino acid, the cognate tRNA or the appropriate aminoalkyladenylate (a non-labile analogue of the intermediate aminoacyladenylate). Purifications based on each of these methods have been reported (Beikirch et al., 1972; Robert-Gero & Waller, 1972; Forrester & Hancock, 1973; Schiller & Schechter, 1974; Nelidova & Kisselev, 1968; Bartkowiak & Pawelkiewicz, 1972; Remy et al., 1972; Hayashi, 1973; Befort et al., 1974; Joyce & Knowles, 1974; Rainey et al., 1974) , but the methods used are of varying effectiveness, and it is not clear from these studies how best to approach the purification of a new synthetase.
We have investigated a number of approaches to this problem. In the present paper we discuss the use of small-molecule ligands, the amino acid and aminoalkyladenylate. We have tested affinity columns derived from the aminoalkyladenylate by substitution at different positions, to select the most appropriate of the four possible attachment sites shown in Fig. 1 . We have also compared the effectiveness of a number of procedures designed to circumvent the complicating effects of non-specific adsorption. The following paper (Clarke & Knowles, 1977) contains a discussion of methods using tRNA columns, together with an assessment of the relative merits of the three types of ligand.
In the present work, the affinity-chromatographic procedures were tested by using relatively thermostable synthetases from Bacillus stearothermophilus. It seems reasonable to assume, however, that the techniques developed should be directly applicable to less tractable systems.
Experimental Materials and Methods
Organic solvents for the aminoalkyladenylate preparation were purified by standard methods (Perrin et al., 1966) .
T.1.c. was performed on 0.1 mm silica-gel plates (E. Merck, Darmstadt, Germany) in the following solvent systems: (A) butan-1-ol/acetic acid/water (4:1:5, by vol.); (B) acetone/water (4:1, v/v); (C) propan-2-ol/water (7:3, v/v); (D) chloroform/ methanol (9:1, v/v); (E) ethanol/0.5M-ammonium acetate (5:2, v/v). Compounds were located, as appropriate, by one or more of the following methods: detection under u.v. light at 254nm with a fluorescent plate; the phosphate spray of Bandurski & Axelrod (1951) ; or the ninhydrin/cadmium spray for primary amines (Heilmann et al., 1957) .
U.v. spectra were recorded on a Pye-Unicam SP. 1800 spectrophotometer, and i.r. spectra on a PyeUnicam SP. 100 spectrophotometer. N.m.r. (nuclearmagnetic-resonance) spectra were recorded either on a Perkin-Elmer 100 MHz spectrometer, or on a Varian XL100 spectrometer. Optical-rotation measurements were carried out on a Perkin-Elmer 141 polarimeter. Melting points were determined on a Kofler block and were not corrected. Microanalyses were determined by Dr. F. B. Strauss in the Dyson Perrins Laboratory, Oxford, U.K., and by Galbraith Laboratories, Knoxville, TN, U.S.A.
A partially purified extract from B. stearothermophilus containing valyl-, leucyl-and tyrosyl-tRNA synthetases was kindly given by Dr. K. Sargeant and Dr. A. Atkinson, Microbiological Research Establishment, Porton Down, Salisbury, Wilts., U.K.
Synthesis of aminoalkyladenylates and derivatives
L-(+)-Leucinol. L-Leucine was converted into the ethyl ester hydrochloride by the method of Brenner & Huber (1953) . The free ester was liberated from this salt and reduced by the method of Karrer et al. (1948) . L-Leucinol was obtained in 27 % overall yield (Found: C, 61.3; H, 12.6; N, 11.7. Calc. for C6H15NO: C, 61.6; H, 12.8; N, 12.0%) .
N-Benzyloxycarbonyl-L-leucinol. N-Benzyloxycarbonyl-L-leucinol was prepared by the method of Sandrin & Boissonnas (1966) . The product was obtained in 43% yield, as white needles, m.p. 32-340C, homogeneous on t.l.c. in solvent (D), RF 0.56.
[a]" -26.80 (c = 2, methanol) [Sandrin & Boissonnas (1966) give [a]" -26.5o] (Found: C, 67.1; H, 8.2; N, 5.6. Calc. for C14H21N03: C, 66.9; H, 8.4; N, 5.6%) .
N-Benzyloxycarbonyl-L-leucinyladenylate. This preparation is similar to the synthesis of N-t-butoxycarbonylmethioninyladenylate, described by Cassio et al. (1973) , based on procedures developed by Michelson (1964) . To AMP (347mg, 1 mmol) was added dry methanol (5 ml) and tri-n-octylamine (0.44ml, 1 mmol). After gentle warming to obtain solution, the solvent was removed under reduced pressure and the residue dried by repeated evaporation of portions (Sml) of dry dimethylformamide. The AMP salt was taken up in dry dioxan (7 ml) to which dry dimethylformamide (2ml) was added to achieve solution, and diphenylphosphoryl chloride (0.3ml, 1.5mmol) and tri-n-butylamine (0.45ml) were added. After stirring to dissolve the initial precipitate, the mixture was stirred for 2-3h at room temperature (20°C) in a tightly stoppered flask. The solvent was removed by evaporation. Anhydrous diethyl ether (50ml) was added to the residue, and the mixture left at 4°C for 30min. The ether was removed by decantation and the residue dissolved in dioxan (5 ml) and evaporated to dryness. To a solution of this material in a mixture of anhydrous dimethylformamide (0.85 ml) and anhydrous pyridine (0.1 Sml) was added N-benzyloxycarbonyl-L-leucinol (0.5g, 2mmol) in anhydrous pyridine (0.5ml). The mixture was stirred for 3h at room temperature, the solvent removed by evaporation, and anhydrous ether added to the residue. The resulting white precipitate was recovered by filtration, and washed with ether.
The crude adenylate (370mg) was dissolved in water (approx. 100ml) and applied to a column (2.3cmx38cm) of eluted at 4°C at a flow rate of approx. 50ml/h, with a linear gradient formed from 1.5 litres each of water and 0.1 M-triethylammonium bicarbonate, pH7.5. Nucleotide-containing fractions were located by monitoring the A260. Fractions containing the product, which was eluted after about one-third of the gradient, were pooled and evaporated to dryness. The residue was concentrated to dryness from methanol several times and finally dissolved in a small quantity of methanol. The product was precipitated by the addition of a large excess of ether, isolated by centrifugation (2000g, 10min) and washed with ether. Yield 74mg, 13%, m.p. 149°C [Sandrin & Boissonnas (1966) give 150°C], homogeneous on t.l.c. in solvents (B) (RF 0.83 ) and (C) (RF 0.59).
L-Leucinyladenylate (I, Fig. 2) . Hydrogenolysis of the benzyloxycarbonyl protecting group was carried out as described by Sandrin & Boissonnas (1966 (Bandurski & 1977 Axelrod, 1951 . )max. 259nm (loge 4.04), Amin. 226 nm. Paper chromatography and electrophoresis results agreed with published data (Cassio et al., 1967; Sandrin & Boissonnas, 1966 6-(N-Benzyloxycarbonyl)aminohexanoyl-leucinol. 6-(N-Benzyloxycarbonyl)aminohexanoic acid was prepared by standard methods (Greenstein & Winitz, 1961) , and condensed with L-leucinol by the 1-hydroxybenzotriazole method of Konig & Geiger (1970 6-(N-Benzyloxycarbonyl)aminohexanoyl-L-leucinyladenylate. 6-(N-Benzyloxycarbonyl)aminohexanoyl-L-leucinol was coupled to AMP as described above for N-benzyloxycarbonyl-leucinol. The product was obtained in approx. 7 % yield after column chromatography (as described above), and was homogeneous on t.l.c. in systems (A) (RF 0.34), (B) (RF 0.76) 6-Aminohexanoyl-L-leucinyladenylate (II, Fig. 2 ). Hydrogenolysis of 6-(N-benzyloxycarbonyl)aminohexanoyl-L-leucinyladenylate was carried out as described by Sandrin & Boissonnas (1966 4.32 (1 H, m, H-4'), 4.51 (1 H, t, J 4Hz, H-3'), 4.81 (1 H, t, J 5Hz, H-2'), 6.04 (1 H, d, J6Hz, H-i'), 8.13 (1 H, s, H-2) and 8.36 (1 H, s, H-8) .
N-Trifluoroacetyl-L-leucinol. This was prepared by an adaptation of the method of Schallenberg & Calvin (1955) . 20mmol) N-Trifluoroacetyl-L-leucinyladenylate (III, Fig. 2 ). N-Trifluoroacetyl-L-leucinol was coupled to AMP as described above for N-benzyloxycarbonyl-leucinol. The product, obtained as the triethylammonium salt in approx. 17% yield after column chromatography (as described above), was homogeneous on t.l. 6-Chloropurine riboside 5'-phosphate. Selective phosphorylation of the 5'-hydroxyl group of 6-chloropurine riboside was carried out by the procedure described by Guilford et al. (1972) . The product was isolated as the barium salt by standard procedures (Hampton & Maguire, 1961) . Yields were typically about 60%. The material was homogeneous on t.l.c. in systems (A) (RF 0.17), (B) (RF 0.27), (C) (RF 0.63) and (E) (RF 0.47). (In some samples, particularly after storage, IMP was visible as a trace impurity.) ilmax 265nm, Amin. 228.5nm (Found: C, 22.3; H, 2.5; N, 10.25; P, 5.9; Cl, 6.5.
Caic. for C10H,0ClN4O7PBa,2H20: C, 22.4; H, 2.4; N, 10.4; P, 5.8; Cl, 6.6%). 'H n.m.r. ( (2H20) 4.07 (2H, m, H-5'), 4.43 (m, H-4'), 4.57 (t, J 4Hz, H-3'), 6.29 (1 H, d, J 6Hz, H-1'), 8.78 (1 H, s, H-2) and 9.03 (1 H, s, H-8). (The proximity of the 2HHO peak prevented satisfactory integration of the signals at 4.43 and 4.57 (5.) N-Trifluoroacetyl-L-leucinyl ester of 6-chloropurine riboside 5'-phosphate (IV, Fig. 2 ). The barium salt of 6-chloropurine riboside 5'-phosphate was converted into the pyridinium salt either by passage through a column (0. Preparation of affinity-column materials Aminoalkyl-Sepharoses. Commercial CNBr-activated Sepharose 4B (Pharmacia Ltd., Uppsala, Sweden) was prepared for use as described in the manufacturers' instructions, and derivatives were made with hexamethylenediamine or ethylenediamine by the general procedure of Cuatrecasas (1970) . The colour reaction of Inman & Dintzis (1969) was used routinely to test for the presence of various functional groups in Sepharose derivatives. The quantitative assay method of Failla & Santi (1973) indicated substitution of about 10,mol/ml.
Azo-linkedleucinyl-AMP. Aminoethyl-and aminohexyl-Sepharose were converted into the corresponding p-aminobenzamidoalkyl-Sepharoses and diazotized as described by Cohen (1974) . To the diazonium Sepharose was added an equal volume of 0.5M-NaHCO3, pH8.5, containing 0.1 M-trifluoroacetyl-L-leucinyl-AMP. The reaction mixture was stirred gently on an ice bath for 30min and then allowed to warm up to room temperature. The orange-coloured gel was isolated by filtration and washed alternately with copious volumes of water and 1 M-NaCl. The trifluoroacetyl protecting group was removed by stirring the derivative with 0.1 M-NaOH at room temperature for l h. (A t.l.c. study with trifluoroacetyl-L-leucinyl-AMP showed that reaction was essentially complete under these conditions.) The gel was washed as described above. The coupling yield [determined by total hydrolysis and analysis for P1 by the method of Bartlett (1959) ] was about 2pmol/ml, and was the same both before and after NaOH treatment.
Hydrazide-linked leucinyl-AMP. Adipic acid dihydrazide was prepared and coupled to CNBractivated Sepharose 4B as described by Lamed et al. (1973) . Leucinyl-AMP (9mg, 20,mol) was oxidized in 0.1 m-sodium acetate buffer, pH 5 (2 ml) containing NaIO4 (11 mM). After 1 h at room temperature in the dark, the reaction mixture was added to Sepharoseadipic acid dihydrazide (4ml) previously washed with 0.1 M-sodium acetate, pH 5. The mixture was shaken overnight at room temperature, and then the gel recovered by filtration and washed exhaustively with water and 1 M-NaCl. Phosphate analysis (as above) gave a coupling yield of 2.3,umol/ml. N6-Linked leucinyl-AMP. Aminohexyl-Sepharose (2ml) was shaken with an equal volume of 0.5M-NaHCO3, pH8.5, containing the 6-chloro derivative (IV, Fig. 2 ) (approx. 7pmol). After 6 days the gel was isolated by filtration and washed as above. Removal of the trifluoroacetyl protecting group was carried out as described for the azo-linked column material.
The coupling yield was approx. 1 pmol/ml and varied in proportion to the reaction time and reagent concentration.
Acylation of aminohexyl-Sepharose. AminohexylSepharose (2 ml) was suspended in I M-sodium acetate, pH4.7, and 1-ethyl-3-(3'-dimethylaminopropyl)-carbodi-imide (200mg) added. The mixture was shaken overnight at room temperature. The Sepharose was recovered and washed in the usual way. The gel showed a diminution of colour in the trinitrobenzenesulphonate colour test (Inman &Dintzis, 1969) . Quantitative determination (Failla & Santi, 1973) indicated the presence of approx. 2.5,cmol of free amino groups per ml.
Enzyme assay B. stearothermophilus aminoacyl-tRNA synthetases were assayed as described by Wilkinson & Knowles (1974) 
Gel electrophoresis
Polyacrylamide-gel disc electrophoresis was carried out by the method of Davis (1964) , by using gels containing 7.500 (w/v) acrylamide, run at pH8.5. Gels were stained with Coomassie Blue. The gels to be sliced for extraction of enzyme activity were prerun for 1 h and then run at 4°C and 1.3 mA/tube. Each gel was then sliced longitudinally into two halves, one of which was stained and the other sliced transversely. The slices were extracted overnight into 1lOOpl portions of buffer containing 10mM-triethanolamine/ HCI, pH7.2, 10% (v/v) glycerol, 1mg of bovine serum albumin/ml and 20 mM-2-mercaptoethanol, before assay.
Results
Two different approaches were used to select the most appropriate of the four methods of immobilization of an aminoalkyladenylate ligand shown in Fig. 1 . To determine the effect of modification of the a-amino group of the leucinol moiety, an analogue bearing an aminohexanoyl substituent at this position was synthesized (Fig. 2 , compound II) and tested as an inhibitor of leucyl-tRNA synthetase. The introduction of this substituent followed the routine procedures of peptide synthesis. Analogues suitably substituted at the remaining three positions (in the AMP moiety) are less accessible synthetically, and we therefore found it more satisfactory to investigate these methods directly by the preparation and evaluation of the corresponding affinity columns (Fig. 3) .
Inhibition studies
The unsubstituted leucinyladenylate (Fig. 2 , compound I) was a strong inhibitor of leucyl-tRNA synthetase from B. stearothermophilus. Inhibition was competitive with the amino acid with a K1 of 900± 300nm (14 data points), similar to the findings of Cassio et al. (1967) with Escherichia coli synthetases.
When the N-acylated analogue (Fig. 2 , compound II) was tested, no significant inhibition was observed, 1977 even at a concentration of 1 mm. The K1 value for this analogue is therefore higher than 10mM.
Preparation of affinity columns Fig. 3 shows the structural formulae of the affinity-column materials used to investigate the effect of immobilization through three different positions on the AMP moiety.
(a) Azo-linked leucinyl-AMP (Fig. 3a) . The preparation of this column material was based on the procedures of Cohen (1974) . Reaction conditions for the final diazo-coupling reaction were varied to give maximum yield at this stage. At pH 8.5, a coupling yield of about 2,umol/ml was obtained when the adenylate was present at a concentration of 0.1 M. The use of lower pH and/or a lower reagent concentration decreased the yield.
(b) Hydrazide-linked leucinyl-AMP (Fig. 3b ). Periodate oxidation of the ribose vic-diol of leucinyl-AMP and subsequent coupling of the resulting dialdehyde to an immobilized acylhydrazide was carried out as described by Lamed et al. (1973) . It is likely from the model-studies by Hunt (1965) and Hansske et al. (1974) that the final product has the cyclic morpholino structure shown in Fig. 3(b) . The low pH used in both oxidation and coupling reactions effectively suppresses 4' --5' fl-elimination which may otherwise occur, particularly in the presence of a free primary amino group (see, e.g., Khym & Cohn, 1961) . The absence of cleaved product was demonstrated by t.l.c. ofthe oxidized material, which showed a single u.v.-absorbing spot containing both phosphate and primary amino groups.
(c) N6-Linkedleucinyl-AMP (Fig. 3c) . The 6-chloro group of purines is very labile to nucleophiles and can be displaced under much milder conditions than have hitherto been used. In particular, it is possible to use a column-bound diamine as the displacing nucleophile. Thus the desired column material (Fig. 3c) could be prepared in a single step from the 6-chloro derivative (compound IV, Fig. 2 ), without isolation of the N6-aminohexyl intermediate, as has been usual in the preparation ofN6-immobilized adenine nucleotides (Guilford et al., 1972) . (It must be remembered that the direct substitution route will result in a column material carrying some unsubstituted aminoalkyl groups, which may increase non-specific binding. However, since the majority of affinity columns possess residual ion-exchange properties, a situation that must be circumvented by modifications to the elution procedure, this does not, in our opinion, outweigh the preparative convenience of the direct coupling method.)
The coupling yield from the reaction between the 6-chloro derivative (Fig. 2, compound IV) and aminohexyl-Sepharose under the conditions described in the Experimental section was approx. 1 ,umol/ ml after 6 days' reaction. Over this period there was Vol. 167 about 50% loss of the trifluoroacetyl protecting group by direct aminolysis. Since the liberated amino groups of the leucinyl moiety are present in lower concentration and are of intrinsically lower reactivity owing to steric hindrance, they are unlikely to compete effectively with the matrix-bound aminohexyl groups. A control experiment showed that, under the mildly alkaline conditions used for the coupling reaction, there was negligible hydrolysis of the 6-chloro substituent, as judged from the u.v. spectrum.
The final removal of the trifluoroacetyl protecting group from both the N6-linked and the azo-linked derivatives requires more vigorous conditions than is usually the case (Schallenberg & Calvin, 1955) . This is presumably because of the steric hindrance of the leucinol side chain.
Evaluation of affinity columns (a) Azo-linked leucinyl-AMP. Two columns were prepared in which the arylazo-substituted ligand was bound via a C2 and a C6 spacer. Binding of synthetase was tested by chromatography of a mixture of proteins containing leucyl-and tyrosyl-tRNA synthetases under the conditions described in the Experimental section. A peak of leucyl-tRNA synthetase activity was eluted with the starting buffer and was not retarded relative to tyrosyl-tRNA synthetase or to the bulk protein. Since frontal elution of leucyl-tRNA synthetase could have resulted from the saturation of specific sites on the column, the relative amounts of leucyl-tRNA synthetase and tyrosyl-tRNA synthetase recovered from each column were calculated.
In neither case did the leucyl-tRNA synthetase/ tyrosyl-tRNA synthetase ratio differ from that obtained with unsubstituted Sepharose, even when the ratio of specific column sites to the amount ofenzyme in the sample was large. Subsequent washing of the C2-spacer column with 0.1 M-leucine failed to elute any additional leucyl-tRNA synthetase activity. These experiments strongly suggest that the azolinked leucinyl-AMP-column materials are ineffective in binding leucyl-tRNA synthetase.
(b) Hydrazide-linked leucinyl-AMP. When the crude enzyme mixture was chromatographed on hydrazide-linked leucinyl-AMP, the peak of leucyltRNA synthetase activity was retarded by 4-5 column vol. compared with the main protein-absorbance peak, and compared with the two other synthetases that were monitored (Fig. 4) . A control experiment demonstrated the absence of any retardation of leucyl-tRNA synthetase on the unsubstituted spacer. Gel electrophoresis of the pooled leucyl-tRNA synthetase fractions showed one major component, which was the target enzyme (Fig. 4, inset B) .
(c) N6-Linked leucinyl-AMP. In contrast with the column materials mentioned above, the N6-linked derivative showed strong binding of many proteins, a salt gradient being necessary to elute the three werem asaydfo tyrosytittRdamNAhesynthetharse() aneucylterNA syteases()yad foatroyl-tRNA synthetase (,&,lucyl synthetases whose activity was being monitored (Fig. 5b) . Comparison with the elution profile from unsubstituted aminohexyl-Sepharose (Fig. 5a ) showed that much of this binding was non-specific.
However, the leucyl-tRNA synthetase peak was retarded more on the adenylate column than on the unsubstituted column, showing that binding to the substituted column was due to a combination of specific and non-specific effects. Gel electrophoresis of the pooled leucyl-tRNA synthetase-containing fractions showed that the desired synthetase was a very minor component (approx. 5 %). When a more highly substituted column material was used (1.1 pmol/ml instead of 0.7,umol/ml), the specific binding ofleucyl-tRNA synthetase (measured by comparing the elution position with that from unsubstituted aminohexyl-Sepharose) became more evident. However, the proportion of leucyl-tRNA synthetase in the pooled material was only marginally increased (to about 15 %). Examination of the elution profile showed, in addition, a significant retardation of valyl-tRNA synthetase compared with its elution position from unsubstituted aminohexyl-Sepharose. This effect is presumably due to mis-recognition of the leucinyl-AMP ligand by valyl-tRNA synthetase.
Evaluation ofelution methods
The large degree of non-specific absorption precluded purification of leucyl-tRNA synthetase by simple gradient elution from the N6-linked leucinyl-1977 (a) Varying pH of elution buffer. Elution of the columns was carried out at pH7 and 8.5. Absorption of leucyl-tRNA synthetase on the unsubstituted spacer was stronger at the higher pH, so that the change in elution position of leucyl-tRNA synthetase when compared with the affinity column was less marked. This result suggests that non-specific absorption is due to the ion-exchange properties of the unsubstituted aminohexyl groups. On this basis, it could be advantageous to use a lower pH for the elution buffer, consistent only with the pH-stability of the target enzyme.
(b) Use of pre-column. Since leucyl-tRNA synthetase should be the only protein whose elution position is changed when the affinity column is compared with unsubstituted aminohexylSepharose, the following procedure was followed. The leucyl-tRNA synthetase peak obtained from gradient elution of a column of aminohexylSepharose was pooled and dialysed, and then chromatographed on a column of N6-linked leucinyl-AMP under identical conditions (Fig. 6) . Gel electrophoresis of the leucyl-tRNA synthetase recovered from this column showed that the target enzyme was now the major component (result not shown).
(c) Substrate elution. To effect the preferential elution ofleucyl-tRNA synthetase from the adenylate affinity column, 0.1 M-leucine was added to the elution buffer. This high concentration was chosen because the binding of a synthetase to its cognate aminoalkyladenylate is much stronger than to the free amino acid. However, leucyl-tRNA synthetase was not eluted by 0.1 M-leucine, either alone or in conjunction with 0.05M-NaCl. At 0.1 M-leucine and 0.1 M-NaCl, the leucyl-tRNA synthetase was displaced from the column. Clearly the eluent has to be capable of disrupting both non-specific and specific interactions. On the basis of the above observations, the affinity column containing bound enzyme was pre-washed with 0.1 M-NaCI. This treatment removed considerable amounts of protein, but no leucyl-tRNA synthetase (Fig. 7a) . When 0.1 M-leucine was added to the elution buffer, the leucyl-tRNA synthetase activity was displaced. A control experiment with an identical buffer containing 0.1 M-glycine demonstrated that the elution of leucyl-tRNA synthetase with 0.1 M-leucine is due to specific displacement by the cognate amino acid, rather than to any other change in the characteristics of the eluent (Fig. 7b) .
Gel electrophoresis of the pooled leucyl-tRNA synthetase fractions showed a single protein component (Fig. 7, inset B) . Extraction of this protein Vol. 167 Fraction no. Fig. 6 . Elution profiles of crude enzyme mixture from an unliganded column ofaminohexyl-Sepharose (a), and of the leucyl-tRNA synthetase pool from (a) on a column of N6-linked leucinyladenylate (see Fig. 3c ) (b) Conditions were as described in the legend to Fig. 5. Fractions indicated by the horizontal arrow in (a) were pooled and dialysed against starting buffer before chromatography on the affinity column (b).
from slices of an unstained gel confirmed that it was indeed the target synthetase (Fig. 8) .
(d) Lowering the concentration of ion-exchange groups on the matrix. Some preliminary experiments were carried out with aminohexyl-Sepharose to investigate the effect on non-specific absorption of procedures designed to lower the concentration of ion-exchange groups on the matrix. Simple dilution of the material with untreated Sepharose, as has been used by Rainey et al. (1974) (to a final concentration of about 2.5 umol/ml), resulted merely in the expected lowering of capacity (per unit volume), but the elution positions of the three enzymes whose activity was followed were unchanged. Chemical blocking of the aminohexyl groups by acylation, leaving a residual concentration of 2pmol/ml, resulted in weaker binding, so that the enzymes were displaced by a lower salt concentration. Fraction no. (Fig. 3c ) The columns (0.7cmx 5cm) contained 1.1 umol of ligand/mi, and were treated as described in the legend to Fig. 4 , modified as follows. (a) Columnequilibrated and washed with buffer containing 0.1 M-NaCl, and the leucyl-tRNA synthetase was displaced with 0.1 Mleucine, applied at fraction 31. (b) Column treated similarly, except that a wash with 0.1 M-glycine was applied at fraction 31, and leucyl-tRNA synthetase was subsequently displaced by 0.1 M-leucine applied at fraction41. Gel electrophoretograms ofthe original sample (A) and of the leucyl-tRNA synthetase pool from Fig. 7(a) Loftfield & Eigner (1966) , provides a reasonable estimate of the enzyme-substrate dissociation constant in this system] is typically 10-100gM, and binding is further weakened by substitution at the amino or carboxyl group. Studies with amino acid analogues have indicated that acylation (Calendar & Berg, 1966) or alkylation (Owens & Bell, 1970; Santi & Pefia, 1973; Holler et al., 1973) of the amino group completely abolishes binding to the corresponding synthetase, whereas modification of the carboxyl group is much less detrimental to binding (Calendar & Berg, 1966; Papas & Mehler, 1970; Owens & Bell, 1970; Santi & Pefia, 1973 (Beikirch et al., 1972; Robert-Gero & Waller, 1972; Forrester & Hancock, 1973; Schiller & Schechter, 1974) . In no case was any dramatic degree of purification obtained, nor was it adequately established that adsorption of the target enzyme was the result of specific recognition rather than non-specific ionexchange or hydrophobic interactions. Certainly, we have found that the relative elution positions ofvalyland leucyl-tRNA synthetases from B. stearothermophilus, on amino acid columns eluted with a salt gradient, were unchanged irrespective of whether valine or leucine was the attached amino acid (C. M. Clarke, unpublished work), an observation strongly suggestive of non-specific binding.
Aminoalkyladenylate as column ligand
The binding of a synthetase to its cognate aminoalkyladenylate (Kdi,S. 1 luM-1 nM) is a much sounder basis for a successful affinity-chromatography purification than the weak binding of the amino acid, provided that at least one of the four possible attachment sites shown in Fig. 1 does not excessively weaken the enzyme-ligand interaction. Since there is no information on the binding of modified aminoalkyladenylates to synthetases, an appropriate attachment point was selected on the basis of experiment. Data on the binding of amino acid or ATP analogues provideat best only a rough guide, since, although it is reasonable to assume that the adenylate spans the amino acid and ATP sites, it is impossible to predict in advance the extent to which unfavourable alterations of the amino alcohol moiety may be compensated by the binding of the AMP moiety and vice versa. Moreover, unlike the amino acid analogues discussed above, studies with ATP analogues Lawrence et al., 1974; Freist et al., 1976a,b; Marutzky et al., 1976) suggest that the effect ofmodification of the various functional groups varies from synthetase to synthetase. Choice ofattachment site Inhibition studies with the N-acylated derivative (Fig. 2, compound II) showed that substitution at the leucinol amino group abolishes binding. Immobilization via this position cannot therefore be used to provide an effective affinity column. The similar lack of binding observed for both N-acylated and Nalkylated amino acids suggests that the requirement at this position is steric rather than electrostatic. It therefore seems reasonable to suppose that replacement of the aminohexanoyl spacer by an aminohexyl group would produce a similarly ineffective affinity adsorbent.
Immobilization of leucinyl-AMP with an arylazo substituent at the C-8 position of the purine nucleus completely abolished binding of leucyl-tRNA synVol. 167 thetase, perhaps by distortion of the purine riboside conformation. In contrast, Barry & O'Carra (1973) have immobilized NAD+ by the same method and obtained affinity columns that were effective in adsorbing lactate dehydrogenase and glyceraldehyde phosphate dehydrogenase.
Although the hydrazide-linked leucinyl-AMP was capable of biospecific interaction with leucyl-tRNA synthetase, the binding was relatively weak, resulting in retardation rather than retention of the target enzyme. In this situation, useful purification can only be obtained if the sample to be applied is a small volume of a fairly concentrated solution, so that this system does not possess one of the particular advantages of affinity chromatography, namely the ability to concentrate the target enzyme from a crude extract. Nevertheless, a column material of this type could be invaluable in removing a stubborn contaminant in the final stages of an enzyme preparation.
Further, it should be noted that the K1 for leucinyl-AMP in this system is close to the upper limit of the range observed for compounds of this type (Cassio et al., 1967) . It is therefore possible that the stronger binding observed for other synthetase/adenylate pairs may be sufficient to increase substantially the usefulness of the hydrazide-linked affinity absorbent. This possibility is worth bearing in mind, in view of the relative ease of preparation of hydrazide-linked adenylates, and the relatively low degree of nonspecific adsorption on the adipic acid dihydrazide spacer.
The experiments described above demonstrate that attachment via the N6 position is the most satisfactory method, at least in this system. Although there was a high degree of non-specific binding to our columns, adsorption of the target enzyme could be shown to be partially due to specific interactions. Our findings agree with those of Rainey et al. (1974) , who used an analogous column in the successful purification of isoleucyl-tRNA synthetase from E. coli.
Non-specific effects in affinity chromatography As discussed by O'Carra et al. (1974) , it is possible that non-specific interactions occur in the majority ofaffinity-chromatographic systems. Ideally, an appropriate sequence of washing procedures is assumed to remove all but the target enzyme from the column material, and the possibility that non-specific binding of contaminants is stronger than specific binding of the target enzyme is ignored. Moreover, the presentation of many affinity-chromatography data is frequently such as to stress conformity with the idealized model, so that an apparently arbitrary elution procedure is reported and the part played by non-specific interactions is obscured. In our view, these nonspecific effects should be explicitly taken into account so that procedures may be devised to eliminate or circumvent them. It is only in this way that one can retain the logic of design and operation that is one of the chief advantages of affinity chromatography.
Because of the complicating effects of non-specific interactions, it is necessary to adopt more stringent criteria when attributing retardation of an enzyme to a biospecific interaction. In the present work we have adopted the following criteria: (1) differences in the elution position of the target enzyme when chromatographed on the affinity column, compared with that on the unsubstituted Sepharose-spacer conjugate; and/or (2) demonstration of specific elution with a competing ligand, provided that it can be established that the competing ligand is not acting by changing the physical characteristics of the eluent, for example by raising the ionic strength; and/or (3) predictable changes in the elution position when comparing columns having similar chemical characteristics, but different biological properties. Examples of this approach are the chromatography of valyl-tRNA synthetase and leucyl-tRNA synthetase on immobilized valine and leucine, mentioned above, and the use of columns carrying different fractions of tRNA, discussed in the following paper (Clarke & Knowles, 1977) .
It is clearly necessary to adopt an experimental procedure that minimizes the effects of non-specific binding. Variations in the physical characteristics, e.g. pH, of the elution buffer may be useful in the initial selection of conditions, but such changes are unlikely to provide any dramatic discrimination between the target enzyme and its contaminants. Once experimental conditions have been selected that maximize specific adsorption of the target enzyme, it should be possible to obtain, as we have done, substantial additional purification by a two-column procedure using a suitable pre-column.
The most important function of the pre-column is to remove those contaminants that are bound more strongly than the target enzyme. As shown in Fig. 6 , the pre-column removes valyl-tRNA synthetase, which binds more strongly to a non-specific anion-exchanger, and the affinity column separates the desired enzyme from the remaining contaminants whose non-specific interactions with the column are ofa similar magnitude (e.g. tyrosyl-tRNA synthetase). Successful application of this method requires negligible overlap between the elution conditions for the target enzyme on the two columns, plus the absence of any contaminant that is also retarded on the affinity column. In the present study, failure to satisfy completely the first criterion may have accounted for the persistence of some contaminants. The misrecognition by valyl-tRNA synthetase of the immobilized leucinyl-AMP did not raise any additional problems, since the stronger non-specific interactions shown by this enzyme resulted in its separation from leucyltRNA synthetase on the first column.
The most satisfactory procedure for removing pure leucyl-tRNA synthetase from the leucinyl-AMP affinity column was specific elution with the amino acid. Our results show that, in cases where strong non-specific binding occurs, the competing ligand alone may not be sufficient to effect elution, and an increase in the ionic strength of the eluent may also be necessary to disrupt non-specific binding. Since the affinity interaction too is sensitive to increases in the ionic strength, it is necessary to select a salt concentration sufficient to disrupt non-specific binding without weakening the enzyme-ligand interaction. Comparison of elution data for the affinity column and the unsubstituted spacer enabled us to choose an appropriate salt concentration. Moreover, in a situation where a high concentration of the competing ligand is necessary and where the enzymeligand interaction is susceptible to changes in the physicochemical characteristics of the eluent, it must be established that elution of the target enzyme is not due to the latter. In our work, the specificity of the elution by leucine was strongly indicated by the purity of the leucyl-tRNA synthetase so obtained, and confirmed by the inability of the same concentration of glycine to displace the enzyme.
Both the methods described above make use of the specificity of the affinity interaction to overcome complicating effects of non-specific adsorption. If neither approach is successful, it may be necessary to modify the nature of the adsorbent itself to decrease these effects. Our experiments on non-specific binding to the Sepharose-spacer conjugate show that dilution of the column material with unsubstituted Sepharose, to decrease the macroscopic concentration of ion-exchange groups, predictably has no effect on the strength of non-specific interactions, whereas removal of the ion-exchange groups by chemical modification is effective. Clearly, it is the microscopic concentration of ion-exchange groups that is important in determining non-specific binding.
